Background
The modern interdisciplinary research field of microfluidics has coalesced from the trend towards miniaturization of fluid analysis devices and techniques over the past two decades. Microfluidic applications these days cover all aspects of biochemical analyses from DNA sequencing and micro arrays to cell separation and environmental biosensors. The use of microfluidics in these applications has become popular because of its potentials and many fundamental advantages: reduced sample volumes, shorter analyses times, lower manufacturing cost and high throughput.
As a result of their small size, however, one of the fundamental challenges to overcome in microfluidic devices is fast and efficient mixing. Rapid mixing is essential in many of the microfluidic systems used in biochemical applications, where chemical reactions involving cells, enzymes and proteins require sufficient mixing of reactants for initiation. In addition, mixing is also necessary in labon-a-chip systems to facilitate complex chemical analyses.
Although the phenomenon of mixing between two or more initially segregated fluid streams is taken for granted at macroscopic scales as a result of chaotic flow and turbulence, it is somewhat different in the microfluidics regime. Quantitatively speaking, the Reynolds number:
where v s = mean fluid velocity, ρ = fluid density, L = hydraulic diameter, and µ = dynamic fluid viscosity, gives the relative importance of inertial and viscous forces under any flow conditions. A high Reynolds number (greater than ∼ 2300 on the macro scale) indicates a turbulent flow, in which quantities such as fluid velocity and pressure show a random variation in time and space and thereby lead to quick dispersion of the mixed components. A low Reynolds number (less than 100), on the other hand, predicts laminar flow and thereby impractically slow mixing on microfluidic scales. Apart from turbulent flow, stirring is a common technique used to induce chaotic advection and thereby improve mixing on the macro scale, but clearly there is no way of easily stirring fluids in a microscopic environment.
Therefore, the only method of mixing generally available in microfluidic flows is diffusion, which can only be improved by increasing the contact surface between the different fluids and decreasing the diffusion path between them. But given the size and geometry restrictions in microfluidic devices, diffusion between adjacent streams may still take considerable time. The diffusional time-scales in a 100µm channel, 
Theory
Over the past decade, PDMS (polydimethylsiloxane) has emerged as the polymer of choice for fabricating microfluidic structures and devices. It has the advantages of being inexpensive and easy to manipulate using well-established prototyping methods. One of the most prominent drawbacks of PDMS, however, is the fact that it does not allow for the fabrication of truly compliant structures. In addition, there is no easy way to create macro-style spherical or cylindrical fluidic structures of any reasonable dimensions using PDMS.
To resolve this problem, a novel method of fabricating compliant microfluidic structures using thermoplastic films, such as Mylar, has been recently developed in Prof. Feinerman's lab. This method relies on selectively welding two thermoplastic films using a CO 2 laser and can be used to create a variety of three dimensional structures for processing fluids, including: channels, valves, pumps, mixing chambers, and reservoirs. The pattern of weld lines in each case determines the final shape of the fluidic paths (or structures) and their separation determines the maximum amount a fluidic path can open when filled with fluid at a positive gauge pressure ( Figure 1 ).
The thermoplastic films are also metalized with a thin layer of gold (approximately 1nm thick) on the outer surfaces, and applying a voltage between the two metal layers closes the fluidic pathway. The thin thermoplastic films are welded to a thick thermoplastic frame to facilitate handling of devices. Electrical contact to the gold film is made via conductive electrodes welded to the frame. In this way, it is possible to fabricate microfluidic devices with truly compliant parts that do not require any DC power to operate.
In this paper, this novel method of fabricating compliant microfluidic structures using thermoplastic films is used to construct an efficient micromixer. It is hypothesized that such a micromixer, as a result of its geometry and inherent compliance, would be able to achieve high mixing efficiency for microfluidic flows characterized by Reynolds numbers less than 100.
Fabrication of Prototypes
All of the experimental micromixers used in this research were made in-house in Prof. Feinerman's laboratory. A brief summary of the fabrication process is as follows:
1. Apply a vacuum between the two 1.4µm thick goldcoated Mylar films to be welded. This pushes the films together with a pressure of ∼15 psi and prevents any solid object from contacting the hot plastic during the welding process.
2. Construct the desired welding pattern using Auto-CAD and print it on the Mylar film using a CO 2 laser. In this case, a 100W CO 2 laser system manufactured by Universal Laser Systems was used.
3. Cut out the pattern and insert LDPE tubes into the channel openings.
4. Etch away gold film from the center of the mixer using standard gold etchant TFA, such that the mixing chamber is exposed. This is required to observe the experimental mixing process under a light microscope.
5. Sandwich the Mylar structure between 2.4mm thick LDPE rings for mechanical support and heat in the oven at 135
• C for 5 mins. Since LDPE starts to melts at ∼127
• C, this process insures a permanent, leak-tight seal. The maximum volume of the mixing chamber shown in Design #1 is estimated by assuming that the flat mixer will eventually turn into a perfectly spherical chamber when filled with fluid, and that the surface area will remain the same for both structures.
Experiments
A wide variety of mixing chamber designs were fabricated and evaluated in order to optimize the mixing process. Most of the designs were inspired by previous work done in the area of passive mixing, which has generally focused on splitting, folding, and stretching of the interfacial area between fluids in order to maximize the area of contact available for diffusion. Typical mixer designs tested in this research are shown in Fig 3. In order to evaluate the mixing functionality of each mixer design, experiments were performed using aqueous solutions dyed blue and yellow with food coloring manufactured by McCormick & Co., Inc. The dynamic viscosity and density of the solutions was ∼1 cps and ∼1 kg L −1 , respectively, thereby giving a Reynolds number of 85 using 1mm channels at a flow rate of 8 cm s −1 , according to (1). The fluids were manually inserted into the mixers in each case using a 10mL syringe with clear plastic tubing connecting it to the mixer. The mixing performance was evaluated in each case by taking images of the mixing chamber region at regular intervals of 67ms using a Digital Blue QX-5 light microscope and subsequently analyzing the RGB (Red, Green, Blue) content of a representative pixel in the images using the open-source image processing software ImageJ. The image analysis was performed on a single pixel in each image instead of a larger region because of two practical reasons. First, it is reasonable to assume that a single pixel does not move a significant distance in the short duration of the mixing process and thereby gives accurate time-varying RGB values. Second, data from a single pixel is not subject to distortion resulting from averaging of neighboring pixel values, which would certainly be the case if the data was acquired from a larger region of the image. Such distortion would be especially troublesome in this case due to reflections from various parts of the clear Mylar film.
At the end of the aqueous mixing experiments, an optimal micromixer design was identified by comparing the ease-of-operation and mixing times obtained for different designs. Another experiment was then performed to evaluate the mixing performance of this particular micromixer in the complete absence of any secondary flow patterns, such as self-rotation and vortices. This experiment was performed using SAE 30 motor oil dyed blue and yellow using oil pastels manufactured by Winsor & Newton. The dynamic viscosity and density of these fluids was 105 cps and 0.88 kg L −1 , respectively, thereby giving Reynolds numbers in the range of 0.17 to 0.50 using 1mm channels at flow rates of 2 to 6 cm s −1 according to (1). The mixing performance was again evaluated the same way as mentioned earlier.
Results and Discussion
Each of the micromixers tested had its own advantages and drawbacks. For instance, it turned out to be almost impossible to get fluid past the bends in Design #5 (Figure 3) without breaking the weld lines in Mylar. Designs #3 and #4 experienced similar problems in terms of fluid leakage due to the excessive pressure required to transport fluid into the chamber filled with obstacles. Likewise, the central barrier in Design #1 created to take advantage of the nozzle effect 1 -whereby fluid passing through a small opening has a higher velocityalmost entirely prevented any sort of passive mixing between two halves of the chamber. Nevertheless, the shortest mixing time and overall best mixing performance was achieved using the tangential injection mixer shown in Design #6. Figure 4 shows a series of micrographs obtained in a typical mixing experiment; this particular experiment was conducted using the micromixer shown in Design #6. This mixer was designed to take advantage of the selfrotation effects induced by tangential injection of fluids in a spherical chamber 2 . As shown in the graph in Figure  5 , the blue color content declined over time from 100 to approximately 60, whereas the red color content steadily increased from 20 to 55 over the course of the mixing process. In addition, it is clear from the graph that both blue and red color content asymptotically approach their final values within 1.3 s, thus implying that the mixing process is completed within a reasonable amount of time. The change in color associated with the changing RGB content over time can be seen much more clearly in Figure 6 .
Upon close inspection of the micrographs in Figure 4 , the rotational flow pattern and the emergence of a vortex in the central region can also be seen. Based on previous work done by Lin et al 2 , a vortex-inducing mixer design can lead to very efficient mixing even at low Reynolds numbers.
In contrast to the aqueous mixing scenario, Figure 7 demonstrates the challenges associated with mixing at extremely small Reynolds numbers. The sluggish fluids in this case, namely blue and yellow dyed motor oils, behave almost like solid objects and prevent any sort of rotational flow. As a result, no mixing takes place even after 10 seconds. It is clear, therefore, that passive mixing is not a reliable approach for mixing fluids at Reynolds numbers less than 1, even using the tangential injection micromixer.
Active mixing, on the other hand, can still lead to reasonable mixing times in this case. This phenomenon was demonstrated by manually agitating the two halves of the compliant micromixer using a Q-Tip. After approximately 8 seconds of manual back-and-forth squeezing of the mixer halves, sufficient mixing was observed. This behavior allows us to expect that a similar compliant micromixer with some form of active agitation built-in can certainly lead to better mixing performance at very small Reynolds numbers. 
Conclusion and Future Work
In this project we demonstrated that an efficient passive micromixer utilizing self-rotation effects at moderate Reynolds numbers (above 80) can be easily fabricated using thermoplastic films. In addition, we also demonstrated that external agitation of the compliant mixing chamber is required to achieve reasonable mixing efficiency at extremely small Reynolds numbers (below 1).
Since the compliancy of fluidic pathways used in this project can be controlled by applying an external voltage to the gold-coated Mylar films, it is theoretically possible to fabricate a voltage-actuated active micromixer. The bifurcated mixing chamber shown in Figure 9 is a prototype of such a device, which consists of two inlets and two outlets. In this case, a thin strip of gold is etched away from the top Mylar layer, thereby making the two halves FIG. 9: Prototype of a voltage-actuated micromixer which can theoretically be used to achieve high mixing efficiency even at Reynolds numbers below 1.
of the mixing chamber electrically isolated. Conductive electrodes made of graphite-impregnated HDPE are then attached to each of the two halves of the chamber along with one electrode attached to the bottom Mylar layer to serve as a common ground. Applying a large enough voltage determined by the total compliance of the device to one half of the chamber will close it and thereby squeeze the fluid into the other half of the chamber. Likewise, applying a voltage to the other half will send the fluid back in the first half. Using this approach, it is expected that a micromixer operating at a frequency of around 20Hz would achieve highly efficient mixing even at Reynolds numbers below 1.
